Repetitive activation of corticostriatal fibers produces longterm depression (LTD) of excitatory synaptic potentials recorded from striatal spiny neurons. This form of synaptic plasticity might be considered the possible neural basis of some forms of motor learning and memory. In the present study, intracellular recordings were performed from rat corticostriatal slice preparations to study the role of glutamate and other critical factors underlying striatal LTD. In current-clamp, but not in voltage-clamp experiments, brief focal applications of glutamate, as well as high-frequency stimulation (HFS) of corticostriatal fibers, induced LTD. This pharmacological LTD and the HFS-induced LTD were mutually occlusive, suggesting that both forms of synaptic plasticity share common induction mechanisms. Isolated activation of either non-NMDAionotropic glutamate receptors (iGluRs) or metabotropic glutamate receptors (mGluRs), respectively by AMPA and t-ACPD failed to produce significant long-term changes of corticostriatal synaptic transmission. Conversely, LTD was obtained after the simultaneous application of AMPA plus t-ACPD. Moreover, also quisqualate, a compound that activates both iGluRs and group I mGluRs, was able to induce this form of pharmacological LTD. Electrical depolarization of the recorded neurons either alone or in the presence of t-ACPD and dopamine (DA) failed to mimic the effects of the activation of glutamate receptors in inducing LTD. However, electrical depolarization was able to induce LTD when preceded by coadministration of t-ACPD, DA, and a low dose of hydroxylamine, a compound generating nitric oxide (NO) in the tissue. None of these compounds alone produced LTD. Glutamate-induced LTD, as well as the HFS-induced LTD, was blocked by L-sulpiride, a D2 DA receptor antagonist, and by 7-nitroindazole monosodium salt, a NO synthase inhibitor. The present study indicates that four main factors are required to induce corticostriatal LTD: (1) membrane depolarization of the postsynaptic neuron; (2) activation of mGluRs; (3) activation of DA receptors; and (4) release of NO from striatal interneurons.
Repetitive activation of corticostriatal fibers produces longterm depression (LTD) of excitatory synaptic potentials recorded from striatal spiny neurons. This form of synaptic plasticity might be considered the possible neural basis of some forms of motor learning and memory. In the present study, intracellular recordings were performed from rat corticostriatal slice preparations to study the role of glutamate and other critical factors underlying striatal LTD. In current-clamp, but not in voltage-clamp experiments, brief focal applications of glutamate, as well as high-frequency stimulation (HFS) of corticostriatal fibers, induced LTD. This pharmacological LTD and the HFS-induced LTD were mutually occlusive, suggesting that both forms of synaptic plasticity share common induction mechanisms. Isolated activation of either non-NMDAionotropic glutamate receptors (iGluRs) or metabotropic glutamate receptors (mGluRs), respectively by AMPA and t-ACPD failed to produce significant long-term changes of corticostriatal synaptic transmission. Conversely, LTD was obtained after the simultaneous application of AMPA plus t-ACPD. Moreover, also quisqualate, a compound that activates both iGluRs and group I mGluRs, was able to induce this form of pharmacological LTD. Electrical depolarization of the recorded neurons either alone or in the presence of t-ACPD and dopamine (DA) failed to mimic the effects of the activation of glutamate receptors in inducing LTD. However, electrical depolarization was able to induce LTD when preceded by coadministration of t-ACPD, DA, and a low dose of hydroxylamine, a compound generating nitric oxide (NO) in the tissue. None of these compounds alone produced LTD. Glutamate-induced LTD, as well as the HFS-induced LTD, was blocked by L-sulpiride, a D2 DA receptor antagonist, and by 7-nitroindazole monosodium salt, a NO synthase inhibitor. The present study indicates that four main factors are required to induce corticostriatal LTD: (1) membrane depolarization of the postsynaptic neuron; (2) activation of mGluRs; (3) activation of DA receptors; and (4) release of NO from striatal interneurons.
Key words: dopamine; excitatory amino acids; nitric oxide; metabotropic glutamate receptors; motor learning; striatum Long-term changes in the efficacy of excitatory synaptic transmission have been proposed as possible cellular substrates underlying learning and memory (Teyler and Discenna, 1984; Ito, 1989) . Two different forms of synaptic plasticity have been described at corticostriatal glutamatergic synapses: long-term depression (LTD) and long-term potentiation (LTP) (C alabresi et al., 1992a ,b, 1994 L ovinger et al., 1993; Walsh, 1993; Choi and L ovinger, 1997) . These events might represent a possible cellular mechanism for the storage of motor skills (Calabresi et al., 1992a (Calabresi et al., ,b, 1996 (Calabresi et al., , 1998 . High-frequency stimulation (HFS) of corticostriatal fibers is the common experimental protocol used to induce corticostriatal LTD. Moreover, we have recently reported that this form of synaptic plasticity can be obtained after pharmacological stimulation of the nitric oxide (NO)/cGM P pathway (Calabresi et al., 1999) . Several physiological and biochemical events are supposed to be crucial for the induction of LTD at corticostriatal glutamatergic synapses: depolarization of the postsynaptic neuron, activation of metabotropic glutamate receptors (mGluRs), activation of dopamine (DA) receptors, and release of NO from striatal interneurons (Calabresi et al., 1999) . However, how these various factors interact to generate and maintain striatal LTD has not been clarified yet. Various experimental approaches have been used to study the contribution of the different neurotransmitter receptors and postreceptor mechanisms in this form of synaptic plasticity: application of pharmacological antagonists, anatomical lesions of specific neuronal pathways, and genetic disruptions. Accordingly, the role of endogenous DA in striatal LTD has been supported by the use of pharmacological antagonists (acting on D1-like and D2-like DA receptors), unilateral nigral lesions, and genetic disruption of D2 receptors (Calabresi et al., 1992a (Calabresi et al., , 1997 Choi and Lovinger, 1997) . Moreover, striatal LTD is blocked by antagonists acting at mGluRs but not by NMDA receptor antagonists (Calabresi et al., 1992a; Lovinger et al., 1993) . Finally, the evidence that blockers of L-type high-voltage-activated (HVA) Ca 2ϩ channels abolish striatal LTD supports the idea that postsynaptic membrane depolarization is critical because of the subsequent elevation of intracellular Ca 2ϩ (Calabresi et al., 1994) . In the present study we have tried to dissect the role of each single factor involved in the generation of striatal LTD. As an alternative approach to the HFS of glutamatergic corticostriatal fibers, we have focally applied exogenous glutamate agonists acting on iGluRs, mGluRs, or both. These agonists have been applied either alone or in combination with DA and a NOgenerating drug (hydroxylamine). In some experiments, we have replaced the postsynaptic membrane depolarization induced by either HFS or glutamate with positive current injections into the postsynaptic neuron.
It is generally assumed that HFS of corticostriatal terminals solely results in a massive and transient release of glutamate from these fibers. However, other additional and glutamateindependent events might occur during this stimulation and cooperate in inducing LTD. For example, the massive release of DA observed after HFS, considered as a result of the activation of glutamate receptors located on DAergic presynaptic terminals (Calabresi et al., 1995a) , may conversely depend on the spread of electrical stimulation in the slice. Thus, the focal application of glutamate and glutamatergic agonists provides conclusive evidence concerning the postulated primary role of glutamate in triggering the ligand-and voltage-dependent events required in the induction of corticostriatal LTD. In the present study, we demonstrate that glutamate triggers a complex interplay between membrane depolarization, activation of both DA and mGlu receptors, and NO production to generate LTD.
MATERIALS AND METHODS
Preparation and maintenance of the slices. Adult male Wistar rats (150 -250 gm) were used for all the experiments. The preparation and maintenance of coronal slices have been described previously (C alabresi et al., 1990a,b, 1995b) . Briefly, corticostriatal coronal slices (200 -300 m) were prepared from tissue blocks of the brain with the use of a vibratome. A single slice was transferred to a recording chamber and submerged in a continuously flowing Krebs' solution (35°C, 2-3 ml /min) gassed with 95% O 2 and 5% C O 2 . The composition of the control solution was (in mM): 126 NaC l, 2.5 KC l, 1.2 MgC l 2 , 1.2 NaH 2 PO 4 , 2.4 CaCl 2 , 11 glucose, and 25 NaHC O 3 .
Recording technique. In all the experiments, the intracellular recording electrodes were filled with 2 M KC l (30 -60 M⍀). An Axoclamp 2B amplifier was used for recordings either in current-clamp or in voltageclamp mode. In single-electrode voltage-clamp mode, the switching frequency was 3 kHz. The headstage signal was continuously monitored on a separate oscilloscope. Traces were displayed on an oscilloscope and stored in a digital system. For synaptic stimulation, bipolar electrodes were used. These stimulating electrodes were located either in the cortical areas close to the recording electrode or in the white matter between the cortex and the striatum to activate corticostriatal fibers. As conditioning tetanus (HFS), we used three trains (3 sec duration, 100 Hz frequency, at 20 sec intervals). During tetanic stimulation, the intensity was increased to suprathreshold levels. Quantitative data on EPSP modifications induced by tetanic stimulation are expressed as a percentage of the controls, the latter representing the mean of responses recorded during a stable period (15-20 min) before the tetanus. In some experiments the induction of LTD was obtained by three intracellular injections of depolarizing current (1-1.5 nA for 3 sec, at 20 sec interval). During the depolarization the cells fired action potentials, at least in the early phase of the depolarization (250 -500 msec). After 3 sec of current injection, the amount of the depolarizing current was progressively (within 5-10 sec) reduced to mimic the time course of the HFS-induced depolarization.
Morpholog ical identification of the recorded cells. In some experiments biocytin (Sigma, St. L ouis, MO) was used in the intracellular electrode to stain the neurons. In these cases, biocytin at concentration of 2-4% was added to a 0.5 M KC l pipette solution. Slices containing neurons stained with biocytin were fixed in paraformaldehyde (in 0.1 M phosphate buffer at pH 7.4) overnight and processed according to published protocols (Horikawa and Armstrong, 1988) . In several cases, sections were f urther processed to make permanent staining of biocytin-loaded cells.
Data anal ysis and drug applications. Values given in the text and in the figures are mean Ϯ SEM of changes in the respective cell populations. Student's t test (for paired and unpaired observations) was used to compare the means. Drugs were applied by dissolving them to the desired final concentration and by ejecting (pressure ejection; Picospritzer; General Valve, Fairfield, NJ) a few nanoliters from the tip of a blunt pipette beneath the surface of the superf using solution and just above the tissue slice. In some experiments, L-sulpiride was bath-applied by switching the perf usion from control saline to drug-containing saline. Drug solutions entered the recording chamber within 40 sec after a three ways tap had been turned on. AM PA, glutamate, quisqualate, 7-nitroindazole monosodium salt (7-N I NA), 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), t-AC PD, and S-nitroso-Nacetylpenicillamine were from Tocris Cookson (Bristol, UK). DA and L-sulpiride were from Sigma-RBI (Milano, Italy). Hydroxylamine was from Merck (Darmstadt, Germany).
RESULTS

Properties of the recorded neurons
Conventional sharp microelectrode intracellular recordings were obtained from 150 electrophysiologically identified "principal" spiny cells. The main characteristics of these cells have been described in detail previously both in vivo (Wilson and Groves, 1980; Calabresi et al., 1990c) and in vitro (Kita et al., 1984; Calabresi et al., 1990a Calabresi et al., ,b, 1996 Cepeda et al., 1994) . These cells had high resting membrane potential (Ϫ84 Ϯ 5 mV), relatively low apparent input resistance (38 Ϯ 8 M⍀) when measured at the resting potentials from the amplitude of small (Ͻ10 mV) hyperpolarizing electrotonic potentials, action potentials of short duration (1.1 Ϯ 0.3 msec), and high amplitude (102 Ϯ 4 mV). They were silent at rest and showed membrane rectification and tonic firing activity during depolarizing current pulses. In 20 of the 120 recorded spiny neurons, the electrophysiological identification was confirmed by a morphological analysis obtained by using biocytin staining (data not shown).
Effects of focal application of glutamate on corticostriatal transmission
In current-clamp experiments, three brief applications (0.5 sec) of glutamate (0.3-1 mM), obtained by pressure injection of this agonist near the recording electrode (30 -300 m), produced fast and reversible membrane depolarizations and caused a longlasting depression of corticostriatal glutamatergic transmission (n ϭ 23; p Ͻ 0.01). The amplitude and the duration of the membrane depolarizations induced by the applications of glutamate (35 Ϯ 7 mV amplitude, 9.6 Ϯ 3 sec duration) mimicked in magnitude and duration the membrane depolarizations obtained by the three tetanic stimulations of corticostriatal fibers (40 Ϯ 6 mV amplitude, 8 Ϯ 1.8 sec duration) that were required to induce LTD (Calabresi et al., 1992a (Calabresi et al., , 1994 (Calabresi et al., , 1997 (Fig. 1 A, B) . Furthermore, the depression of synaptic transmission induced by exogenous glutamate was similar to the depression induced by HFS and lasted Ͼ1 hr. This pharmacological LTD, as well as the HFSinduced LTD, was not coupled with changes of intrinsic membrane properties (membrane potential, input resistance, and current-induced firing discharge) of the recorded neurons (data not shown). In eight of eight experiments, the LTD induced by brief applications of glutamate occluded the LTD caused by HFS and vice versa (n ϭ 7), suggesting that these forms of synaptic plasticity share common induction mechanisms (Fig. 1C) . We also studied the effects of pressure application of glutamate on corticostriatal synaptic transmission in voltage-clamp experiments. In these experiments (n ϭ 9), during the applications of exogenous glutamate, the membrane potential of the recorded cells was clamped close to the resting potential (Ϫ83 Ϯ 4 mV); thus, under this experimental condition, the focal administrations of this agonist produced inward currents in the recorded striatal neurons. Corticostriatal EPSPs, measured before and after the applications of glutamate, were recorded in current-clamp mode. In this set of experiments glutamate failed to produce stable changes of the amplitude of recorded EPSPs, confirming the major role of the membrane depolarization of striatal neurons in the glutamate-induced LTD ( p Ͼ 0.05) (Fig. 2) .
Effects of isolated and simultaneous iGluR and mGluR activation on corticostriatal transmission
We also studied the effects of isolated and simultaneous activation of iGluRs and mGluRs on corticostriatal synaptic transmission obtained by the application of three different glutamatergic agonists: AM PA, an iGluR agonist for the non-NMDA receptors, t-AC PD, a broad spectrum agonist of mGluRs, and quisqualate, a compound that activates both non-NMDA iGluRs and mGluRs of the group I (Pin and Duvoisin, 1995) . Focal applications of AM PA (30 M) by pressure injection produced reversible membrane depolarizations of striatal neurons. AM PA failed to induce significant changes of corticostriatal synaptic transmission, although this compound produced membrane depolarizations similar to those caused by HFS and exogenous glutamate (n ϭ 7; p Ͼ 0.05) (Fig. 3A) . It has already been reported that the activation of mGluRs by bath application of t-ACPD produces a reduction of the amplitude of cortically evoked EPSPs (Calabresi et al., 1993a; Pisani et al., 1997a) . Pressure injection of t-ACPD (50 M) near the recorded neurons did not cause membrane depolarizations but produced a depression of the EPSPs. This effect, however, was not long-lasting and was quickly reversible after 5-7 min wash-out (n ϭ 5) (Fig. 3A) . Conversely, long-lasting depression of corticostriatal synaptic transmission was obtained by coactivating iGluRs and mGluRs after the focal application of AMPA plus t-ACPD (n ϭ 10) (Fig. 3A) or quisqualate (n ϭ 10) (Fig. 3B) . In fact, pressure applications of both quisqualate (50 M) and AMPA (30 M) plus t-ACPD (50 M) produced fast membrane depolarizations of the recorded neurons and caused a stable reduction of the amplitude of corticostriatal EPSPs, which was not associated with changes of neuronal intrinsic membrane properties. Similarly to the findings obtained for glutamate, the quisqualate-and AMPA plus t-ACPD-induced LTD were occluded by the HFS-induced LTD (n ϭ 8) and were prevented when the applications of these agonists were performed in the voltage-clamp mode (n ϭ 7; p Ͼ 0.05) (Fig. 3B) .
Effects of L-sulpiride on glutamate-induced LTD
Activation of DA receptors is required for the induction of LTD after HFS of corticostriatal fibers (C alabresi et al., 1992a; Choi and L ovinger, 1997a) . To f urther investigate the role of these receptors in the long-term modulation of the efficacy of corticostriatal synaptic transmission, we tested the selective D2 DA receptor antagonist L-sulpiride on glutamate-induced LTD. In previous reports this pharmacological agent f ully prevented LTD induced by HFS (C alabresi et al., 1992a) . In the presence of L-sulpiride (1 M, 7-10 min), the amplitude and the duration of the membrane depolarizations induced by the focal applications of glutamate (39 Ϯ 4 mV amplitude, 10 Ϯ 4 sec duration) were similar to those obtained in control solution and required for the induction of LTD. However, no significant changes in the EPSP amplitude were observed after the application of glutamate, suggesting that DA D2 receptor activation plays a major role also in this pharmacological LTD (n ϭ 10; p Ͼ 0.05) (Fig. 4) .
Effects of membrane depolarization on the induction of corticostriatal LTD
We also studied the effects of electrical depolarization on corticostriatal synaptic transmission. In control solution, the injection of three pulses of positive current (1-1.5 nA; 3 sec duration; 42 Ϯ 6 mV amplitude) through the recording electrode mimicked the large and transient depolarization produced by both HFS and focal application of glutamate but failed to induce short-or long-term changes in the amplitude of cortically evoked EPSPs (n ϭ 5) (Fig. 5 A, B) . Because the membrane depolarization of the postsynaptic neuron alone was not sufficient to induce LTD, we also studied the effects of the simultaneous electrical depolarization and the focal application of t-ACPD (50 M) plus DA (200 M) on corticostriatal synaptic transmission. As shown in Figure  5 , A and C, in these sets of experiments only a short-term depression of the amplitude of the EPSPs was observed (n ϭ 11; p Ͼ 0.05).
Effects of membrane depolarization combined with t-ACPD, DA, and hydroxylamine
It has been shown that focal application of high doses of DA might induce LTP instead of LTD (Wickens et al., 1996) . Thus, it is possible that the high concentration of focally applied DA (200 M) masks the expression of LTD. For this reason, we tested the possibility that lower concentrations of bath-applied DA (30 M) and t-ACPD (20 M) in conjunction with membrane depolarization could cause LTD. However, as shown in Figure 6 , A and B, also preincubation of the slice with 20 M t-ACPD plus 30 M DA failed to induce LTD, but only produced a reversible depression of the EPSPs (n ϭ 5). At this point, we considered the possibility 
. Activation of both iGluRs and mGluRs is required for corticostriatal LTD. A, The plot on the lef t shows that neither AM PA alone (open triangles) nor t-ACPD alone (open squares) is sufficient to induce corticostriatal LTD, whereas this form of synaptic plasticity is induced by coadministration of both these drugs ( filled circles). The top traces on the right show that an EPSP recorded under control condition ( a) is not affected 20 min after focal application of AM PA alone ( b) (dotted line indicates RM P ϭ Ϫ85 mV). The bottom traces on the right show that an EPSP recorded under control condition ( c) is reduced 20 min after the focal application of AM PA plus t-AC PD ( d) (dotted line indicates RM P ϭ Ϫ86 mV). B,
The plot on the left shows that the focal application of quisqualate under the current-clamp mode induces LTD (open triangles), whereas this form of synaptic plasticity is prevented by the voltage clamp of the membrane during the application of quisqualate ( filled triangles). Traces on the right show a single experiment in which the EPSP amplitude recorded under control condition ( a) is reduced 20 min after ( c) the focal application of quisqualate in the current-clamp mode ( b). The dotted line represents the RM P (Ϫ85 mV). In Bb the action potentials on the top of the membrane depolarization have been truncated. that the induction of this "chemical" LTD, as well as the generation of HFS-induced LTD, also requires NO release from striatal interneurons, in addition to mGluR and DA receptor activation. To test this hypothesis, we applied a low dose (1 M) of hydroxylamine, a compound that generates NO in the tissue by the action of catalase and other metalloproteins (Southam and Garthwaite, 1991) . Hydroxylamine, differently than other NO donors that spontaneously generate NO by hydrolysis (Southam and Garthwaite, 1991) , allowed us to achieve dose-related effects. In fact, whereas a high dose of hydroxylamine (100 M) generates per se LTD at corticostriatal synapses (C alabresi et al., 1999) , a low dose of this compound (1 M; n ϭ 5) did not affect EPSP amplitude. This low concentration of hydroxylamine was unable to produce LTD even when it was coupled with postsynaptic depolarizing current injections (Fig. 6 A, C) . However, when this low dose was administered in combination with 30 M DA and 20 M t-AC PD and followed by current-induced membrane depolarizations, a robust LTD was observed (Fig. 6 A, D ; n ϭ 9). It is interesting to note, however, that coadministration of 30 M DA, plus 20 M t-AC PD and 1 M hydroxylamine in the absence of current-induced membrane depolarizations produced only a transient reduction of the EPSP amplitude (Ϫ31% Ϯ 5; n ϭ 6). This reduction, in fact, was fully reversed after 10 min of the washout of the drugs (data not shown).
Intracellular application of ODQ blocks the pharmacological LTD
To show the specificity of hydroxylamine as a NO donor in our slice preparation, we have used intracellular application of ODQ, a selective inhibitor of soluble guanylyl cyclase, the enzyme that is stimulated by NO (Garthwaite et al., 1995) . In five of five experiments, after 15-20 min of recording with 100 M ODQfilled electrodes, the coadministration of 30 M DA, plus 20 M t-ACPD and 1 M hydroxylamine in association with currentinduced membrane depolarizations was unable to generate LTD (data not shown). ODQ did not alter per se the EPSP amplitude. 
Effect of 7-NINA on glutamate-induced LTD
To demonstrate that the release of NO is required for chemically induced LTD, it is crucial to show that a NO synthase (NOS) inhibitor blocks this form of synaptic plasticity as well as the HFS-induced depression (C alabresi et al., 1999) . To address this point we have incubated the slices in the presence of 10 M 7-NINA, a selective inhibitor of neuronal NOS isoform (Moore and Handy, 1997) . This inhibitor induced per se neither changes of EPSP amplitude nor alterations of the intrinsic membrane properties of the recorded neurons (data not shown, n ϭ 10). However, preincubation of the slices in the presence of 10 M 7-NINA f ully prevented the induction of LTD by focal application of glutamate ( Fig. 7; n ϭ 10) . In the presence of 7-NINA (10 M; 7-10 min), the amplitude and the duration of the membrane depolarizations induced by the focal applications of glutamate (37 Ϯ 5 mV amplitude; 11 Ϯ 5 sec duration; n ϭ 10) were similar to those obtained in control solution and required for the induction of LTD.
Lack of long-term effects of the various pharmacological treatments on intrinsic membrane properties of striatal spiny neurons
We measured the resting membrane potential (V m ) and input resistance (R m ) before and 15 min after the application of the various pharmacological compounds used to characterize the mechanisms underlying corticostriatal LTD. As shown in Table 1 , none of these pharmacological treatments induced long-term changes of these measured intrinsic membrane properties.
DISCUSSION
Role of glutamate
The main finding of the present study is that corticostriatal LTD can be induced by the focal application of glutamate as well as by the tetanic stimulation of glutamatergic corticostriatal fibers. We have also shown that glutamate-induced LTD and HFS-induced LTD were mutually occlusive, indicating that these two forms of synaptic plasticity share common induction mechanisms. These data are of particular interest because they represent the first direct demonstration that, under physiological conditions, the release of glutamate from corticostriatal terminals is the only necessary and sufficient event for the induction of LTD. Other voltage-and ligand-dependent events are secondary to the action of this transmitter on its receptors. Moreover, we confirmed and extended the previous findings, suggesting that glutamate acts simultaneously on iGluRs and mGluRs to generate corticostriatal LTD. In fact, isolated activation of non-NMDA-iGluRs and mGluRs, respectively, by AMPA and t-ACPD, did not produce significant long-term changes of corticostriatal excitatory transmission, whereas a stable LTD was obtained after the exogenous application of either AMPA plus t-ACPD or quisqualate, which is considered to be a mixed iGluR and mGluR agonist (Pin and Duvoisin, 1995) .
Role of DA
Similarly to the HFS-induced LTD, glutamate-induced LTD is blocked by the selective DA D2 receptor antagonist L-sulpiride, indicating that the activation of this receptor subtype by endogenous DA plays an important role in both forms of LTD. It is possible that the spontaneous release of DA may be sufficient to activate the D2 receptors that are required for corticostriatal LTD. Alternatively, the data obtained in the present study seem to suggest that the release of DA during the conditioning phase of LTD is secondary to the activation of presynaptic glutamate receptors and not to the simultaneous stimulation of glutamatergic and DAergic fibers by the conditioning tetanus. This is in good agreement with the finding that DAergic fibers bear iGluRs on their terminals, whose activation augments the release of DA within the striatum both in vitro and in vivo studies (Cheramy et al., 1986; Carter et al., 1988; Clow and Jhamandas, 1989; Imperato et al., 1990; Moghaddam et al., 1990; Carrozza et al., 1992; Keefe et al., 1992; Westerink et al., 1992; Morari et al., 1993) . In a recent in vivo microdialysis study it has been suggested that also mGluRs augment striatal DA release through presynaptic mechanisms (Verma and Moghaddam, 1998) . It is also possible, however, that the major action of mGluR activation in the induction of corticostriatal LTD is not the modulation of DA release from nigral terminals but the stimulation of second messenger formation in striatal cells. Accordingly, postsynaptically located mGluRs leading to the stimulation of phosphoinositide hydrolysis have been demonstrated in striatal neurons (Pisani et al., 1997b) and striatal LTD can be blocked by chronic lithium treatment (Calabresi et al., 1993b) , a procedure which is presumed to alter the phosphoinositide cycle (Berridge, 1993) . Interestingly, D2 DA receptors and mGluRs may converge on the same postsynaptic metabolic pathway to regulate intracellular Ca 2ϩ levels and inositol-1,4,5-trisphosphate production (Clapham, 1995) .
Role of membrane depolarization
Voltage-clamp experiments showed that a critical membrane depolarization of the postsynaptic neuron, produced by the activation of iGluRs, is a crucial step for the induction of corticostriatal LTD. Accordingly, when glutamate was applied during voltageclamp recordings, no LTD was detected. Nevertheless, the current-induced depolarization of the postsynaptic neuron alone failed to induce LTD although it triggered a sustained firing activity. This finding indicates that a rise of intracellular Ca 2ϩ represents a critical but not a sufficient condition to generate corticostriatal plasticity. Interestingly, current-evoked depolarization of the postsynaptic neuron failed to cause LTD, even when associated with exogenous application of mGluR agonists and DA. The failure of LTD induction after depolarization of the postsynaptic cell in the presence of t-ACPD and DA strongly suggests the participation of an additional factor in the generation of corticostriatal LTD.
Role of NO
In the present study we demonstrate that this additional factor is represented by NO. In fact, a low dose of hydroxylamine, that per se did not modify EPSP amplitude, was able to generate LTD after postsynaptic depolarization when coadministrated with DA and t-AC PD. Accordingly, the inhibition of neuronal NOS by 7-NINA prevented the formation of LTD after focal glutamate application. These findings represent the first f unctional demonstration that NO, DA, and glutamate act in concert to produce a long-term physiological event in the mammalian brain. In the striatum, this f unctional interaction is well supported by anatomical observations. NOS-positive aspiny interneurons represent the source of striatal NO (Bredt et al., 1991; Vincent and Kimura, 1992) . They receive both cortical glutamatergic afferents (Vuillet et al., 1989) and synaptic contacts from DAergic fibers (Fujiyama and Masuko, 1996) . NOS-positive interneurons can release also other neuroactive substances such as somatostatin, neuropeptide Y, and GABA, depending on the pathway of firing activity. However, the release of NO seems to occur only during prolonged depolarizations (Kawaguchi et al., 1995) . Thus, HFS-and glutamate-induced membrane depolarizations may represent the most effective manner to cause the sustained stimulation required for NO release by these neurons. It has been reported that the endogenous NO facilitates striatal DA and glutamate release in vivo (West and Galloway, 1997) . Thus, we can speculate that the exogenous glutamate applications we have used in the present study to induce LTD may also increase the release of DA by an indirect mechanism which involves NO. This positive feedback, in conjunction with postsynaptic membrane depolarization, may lead to the intracellular biochemical changes in the spiny neuron required for LTD formation. We have recently shown that either high concentrations of NO donors or experimental conditions that elevates intracellular postsynaptic cGM P levels in the spiny neuron are able to induce per se LTD even in the absence of HFS or of membrane depolarization of postsynaptic neuron (Calabresi et al., 1999) . We hypothesize that these extreme pharmacological conditions may bypass the requirement of the other synergistic factors such as the postsynaptic membrane depolarization, and the activation of both DA receptors and mGluRs. This latter observation suggests that the final step for LTD induction is an elevation of intracellular levels of cGM P.
Our experiments have also shown that the membrane depolarization of the postsynaptic neuron is critical for the induction of LTD even in the presence of the three pharmacological classes of drugs: DA, t-AC PD, and low dose of hydroxylamine. Accordingly, coadministration of these compounds in the absence of membrane depolarization produced only a transient depression of the EPSP. It is possible that activation of both DA receptors and mGluRs as well as the increase of intracellular cGMP levels (achieved by NO production) converge to produce critical intracellular biochemical changes. However, only in the presence of a large rise of intracellular Ca 2ϩ obtained by the membrane depolarization of the postsynaptic neuron these biochemical changes are enabled to generate LTD.
The ability of intracellular ODQ, a selective inhibitor of soluble guanylyl cyclase (Garthwaite et al., 1995) , to prevent the formation of LTD induced by current-induced membrane depolarizations in the presence of 30 M DA, 20 M t-ACPD, and 1 M hydroxylamine, supports the specificity of this latter compound as a NO donor. Moreover, it clearly shows that the soluble guanylyl cyclase responsible of the increase in cGMP levels is postsynaptically located in spiny neurons.
Comparison with cerebellar LTD
Corticostriatal and cerebellar LTD share several common induction mechanisms. A rise of intracellular Ca 2ϩ is required for both of them. Accordingly, Ca 2ϩ -chelating agents injected into the postsynaptic neuron block both forms of plasticity. Moreover, stimulation of a Ca 2ϩ -dependent enzyme such as PKC is critical for both these forms of synaptic plasticity. In the striatum as well as in the cerebellum, activation of mGluRs is supposed to be responsible for PKC activation. Similarly, activation of the NO/ cGMP pathway is required for cerebellar and striatal LTD. In both these structures, this pathway leads to the activation of protein kinase G in the postsynaptic recorded neuron (i.e., the striatal spiny neuron and the Purkinje cell) rather than to be involved at a presynaptic level. This mechanism seems to suggest that in the striatal as well as in the cerebellar LTD, NO operates via a feedforward mechanism rather than as a retrograde messenger. Finally, in both forms of LTD, activation of NMDA receptor is not required, and the final postulated mechanism for their expression is the desensitization of AMPA receptor (Daniel et al., 1998; Calabresi et al., 1999) . It is worth noting that the distinctive feature of striatal LTD in comparison with cerebellar LTD is the critical participation of DA receptors.
